Key Points: 13 • The GHGSat-D satellite instrument with 50-m resolution discovered very large methane 14 point sources from oil/gas production in Central Asia. 15 • These large emissions were confirmed by the TROPOMI satellite instrument and 16 extended over at least a year. 17 • Persistently large emissions from a gas compressor station (10-43 tons h-1 in >50% of 18 observations) were observed over an 11-month period. 19 Abstract 20 Rapid identification of anomalous methane sources in oil/gas fields could enable corrective 21 action to fight climate change. The GHGSat-D satellite instrument measuring atmospheric 22
methane with 50-meter spatial resolution was launched in 2016 to demonstrate space-based 23 monitoring of methane point sources. Here we report the GHGSat-D discovery of an 24 anomalously large, persistent methane source (10-43 tons h-1, detected in over 50% of 25 observations) at a gas compressor station in Central Asia, together with additional sources (4-32 26 tons h-1) nearby. The TROPOMI satellite instrument confirms the magnitude of these large 27 emissions going back to at least November 2017. We estimate that these sources released 142 ± 28 34 kilotons of methane to the atmosphere from February 2018 through January 2019, comparable 29 to the four-month total emission from the well-documented Aliso Canyon blowout. 30 Plain Language Summary 31 Methane is a potent greenhouse gas that is emitted from a variety of natural processes and human 32 activities. Reducing methane emissions from oil/gas production and transmission facilities is 33 considered to be one of the most immediately actionable ways to abate climate change, because 34 the captured methane can be sold. Studies of U.S. oil/gas fields have shown that a small number 35 of high-emitting facilities are responsible for the bulk of the total emission from oil/gas 36 operations. So far, the only way to identify and quantify these sources has been through field 37 studies involving aircraft and ground-based observations, but these are expensive and much of 38 the world cannot be observed in this way. Here we use satellite instruments to identify and 39 quantify anomalously large point sources from an oil/gas field in Central Asia. Our work shows 40 how satellite instruments can be used to monitor methane emissions from individual point 41 sources across the world. It points to an observing strategy where instruments with global 42 coverage at coarse spatial resolution can first identify methane hotspots, and then instruments 43 with fine spatial resolution but limited coverage can zoom in to identify the facilities responsible 44 for the hotspots. 45 1 Introduction 46 Anthropogenic methane emissions originate from a large number of point sources, 47 including coal mines, landfills, wastewater plants, livestock operations, and oil/gas facilities 48 (Kirschke et al., 2013; Saunois et al., 2016) . Methane generates 84 times more greenhouse gas 49 warming per unit mass than carbon dioxide on a 20-year time horizon (IPCC, 2013) . Over that 50 time horizon, the radiative forcing of methane emitted from oil/gas operations is comparable to 51 the radiative forcing of carbon dioxide emitted from natural gas usage (Alvarez et al., 2018) . 52 Much of the methane emitted from the oil/gas industry can be reduced or eliminated at no net 53 cost, suggesting that reducing methane emissions from oil/gas operations is one of the most 54 actionable steps to abate climate change (IEA, 2017) . 55 There has been considerable interest in using satellite observations of atmospheric 56 methane to detect and quantify methane sources, but observations available so far have only been 57 able to resolve regional scales (~50 km), over which hundreds of individual point sources may be 58 aggregated (Frankenberg et al., 2005; Kort et al., 2014; Lyon et al., 2015; Turner et al., 2015; 59 Buchwitz et al., 2017) . Rapid satellite-based identification of anomalously large methane sources 60 in oil/gas fields could enable corrective action, but sub-kilometer pixel resolution is needed to 61 pinpoint individual methane-emitting facilities (Jacob et al., 2016; Cusworth et al., 2018) .
Here we present single-pass satellite observations of massive methane plumes from 63 oil/gas production and transmission infrastructure. The observations were made with the 64 GHGSat-D and TROPOMI satellite instruments over the Korpezhe oil/gas field in western 65 Turkmenistan. Both instruments detected large point sources in the area on multiple overpasses 66 between November 2017 and January 2019. We use two source rate retrieval techniques to 67 quantify emissions from the individual plume observations, and estimate total emissions over the 68 observation period from the resulting time series of emissions. Our estimates are comparable to 69 the four-month total emission from the 2015 blowout at the Aliso Canyon natural gas storage 70 facility in California, which was the largest methane leak in U.S. history (Conley et al., 2016; 71 Thompson et al., 2016) . These results suggest that extreme point source methane emissions from 72 global oil/gas operations may be much larger than previously inferred for the United States 73 (Lyon et al., 2015; Zavala-Araiza et al., 2015) , and demonstrate the potential for satellite 74 instruments to guide efforts to reduce methane emissions from the oil/gas sector. GHGSat-D discovered on 13 January 2019 an anomalously large methane plume near the edge 86 of its measurement domain, seemingly from a gas pipeline between the nearby Korpezhe gas 87 production unit and compressor station, about 2 km from each facility. Another large plume 88 originating from a piece of equipment near the compressor station was also seen on this day. 89 Reviewing the GHGSat-D record for the scene going back to the first observation in February 90 2018, we found evidence of anomalously large methane plumes from three point sources 91 corresponding to the compressor station, the connecting pipeline, and a smaller production 92 facility about 7 km to the north. The plumes were observed in seven out of thirteen clear-sky 93 GHGSat-D observations made through the end of January 2019. The plume from the compressor 94 station was repeatedly detected, while the plumes from the pipeline and the northern production 95 facility were detected only once. GHGSat-D observations with detected plumes. The pipeline plume discovered on 13 January 100 2019 (source #2) extended more than 3 km downwind of the source location, as did the plume 101 from source #1 on that day. The weakest source (source #3), at the northern production facility, 102 was detected on 27 January 2019. The column density precision in these GHGSat-D observations 103 is estimated from the variability of background columns to be 16% (see Text S1 in the 104 supporting information). The plumes have peak enhancements of 25%-175% above background. 105 Plume enhancement magnitudes differ from scene to scene, which may reflect variations in the scene are plotted as retrieved column enhancements (mol m-2) and converted (for illustrative purposes only) to 116 column-averaged mixing ratios (ppb) based on sea level pressure. The plumes shown here have been segmented by 117 thresholding at the 95th percentile, as discussed in Supplemental Text S3. DigitalGlobe background imagery  118 showing the compressor station and its surroundings is from 2017. The white disk, star, and cross symbols mark the 119 locations of (a-g) source #1, (g) source #2, and (h) source #3, respectively (also see Figure 2 ). The wind vectors 120
show the GEOS-FP 10 m wind speeds for the observations paired with the wind directions estimated from the plume 121 enhancements and used in the cross-sectional flux method to retrieve source rates. The large plume shown in panel 122
(e) is truncated by the edge of the GHGSat domain. 123
It is unclear what specific activities are responsible for these large plumes. be detected up to 30 km downwind and with peak enhancements of up to 9% above background. 178 The longer extent of the TROPOMI plumes as compared to GHGSat-D plumes reflects 179 TROPOMI's higher instrument precision, and the weaker enhancements reflect dilution over its larger pixels. In total, GHGSat-D and TROPOMI detected anomalously large methane emissions 181 near the Korpezhe gas facilities respectively in 54% and over 90% of observations made between 182 17 December 2017 and 31 January 2019. 183 4 Source rate quantification methods 184 We estimate the source rate for individual plumes using two alternative methods: the 185 integrated mass enhancement or IME (Frankenberg et al., 2016; Varon et al., 2018; 186 Jongaramrungruang et al., 2019) and the cross-sectional flux (White et al., 1976) . These methods 187 combine the observed plume column enhancements with wind speed data to infer source rate.
188 Varon et al. (2018) give a detailed analysis of these methods as applied to satellite observations 189 of atmospheric methane columns. 190 The IME method relates the source rate [mol s-1] to the total detected plume mass IME (1) 195 Here N is obtained with a Boolean plume mask (see Supplemental Text S3) (2) 213 For GHGSat-D plumes, we estimate wind direction from the shape of the plume (Figure 1 (2) are defined by transects of fixed length for TROPOMI plumes (Figure 3 ) and by the Boolean 219 plume mask constructed in the IME method for GHGSat-D plumes. The effective wind speed eff in equation (2) is different than for the IME method, but can again be related to the local 10 221 m wind speed 10 using our LES ensemble. We obtain eff = 1.5 10 ( Figure S2 ).
222
For GHGSat-D plumes, we apply both the cross-sectional flux and IME methods as 223 independent inferences of source rate, using hourly 10 data from GEOS-FP to estimate eff . 224 Source rates obtained with the IME and cross-sectional flux methods agree to within 50% for 225 single-pass observations ( Figure S3 ), so we report the average of the two estimates for each 226 plume (Figure 1 and Table S1 ). Since the cross-sectional flux method can be unreliable for 227 10 < 2 m s-1 (Varon et al., 2018) , we use only the IME method for the plume observed under 228 low wind conditions on 8 November 2018 (Figure 1e ). The source rate on this day may be 229 underestimated due to the plume's truncation at the edge of the measurement domain. Errors on 230 the source rates (Table S1) GEOS-FP to estimate 10 , and we assume that the same error applies here. GEOS-FP 10 m wind 234 speeds for our GHGSat-D scenes range from 1.9 to 7.3 m s-1 (Figure 1 ) and the total errors in 235 source rate range from 30% to 90% (larger error for low winds; see Table S1 and Supplemental 236 Text S4). Relative source rate errors under low wind speed conditions are smaller than would be 237 expected from 10 uncertainty of 2-2.5 m s-1, because relative errors in eff are generally smaller 238 than those in 10 . This is due to the convexity of the effective wind speed function used in the 239 IME method (see Figure S2 ), which reduces variance in effective wind speed, and also more 240 generally to wind speed being strictly positive, which reduces absolute error variance for slow 241 compared to fast winds. , 2000) . We modeled emissions for sources #1-#3 using mean source rates inferred from 254 the GHGSat-D observations and virtually sampled the resulting simulated methane fields with 255 TROPOMI at 9:00 UTC (about 13:00 local solar time). Applying the cross-sectional flux method 256 to these simulated observations, we estimate the relationship between eff and BL by comparing 257 the resulting source rates to the simulation ground truths. We find on average that eff =
258
(1.05 ± 0.17) BL . We then use this relationship to infer source rates from all of our TROPOMI 259 observations (except those from January 2019, for which we use the specific eff -BL 260 relationships derived from the corresponding simulations). Figure 4 shows the results, with 261 vertical bars giving the ranges for the ensemble of retrievals. We take the half-length of these 262 vertical bars to represent the uncertainty, amounting on average to 60% of the best estimate of 263 the source rate. Source rates for the 24 quantified scenes are converted to a time-averaged source 264 rate after correcting for representativeness by comparing the mean peak enhancement for these 24 scenes with the mean peak enhancement for the 128 scenes over the full observation record 266 (see Supplemental Text S2) . Our discovery of anomalously large methane emissions associated with the Korpezhe gas 325 compressor station in western Turkmenistan demonstrates the value of satellites for identifying 326 and monitoring methane emissions at the facility scale worldwide. Anomalous point sources are 327 known to make a disproportionately large contribution to the total methane emission from oil/gas 328 production (Zavala-Araiza et al., 2015; Alvarez et al., 2018) , and our results indicate that this 329 contribution could be even larger than has been previously recognized. Detection of these point 330 sources using satellite observations could enable corrective action to significantly reduce 331 methane emissions from the oil/gas sector. GHGSat-D serves as demonstration for a future 332 constellation of GHGSat satellite instruments to be launched starting in 2020 with improved 333 column density precision (McKeever et al., 2017) . The synergy with TROPOMI observations 334 demonstrated here points to a promising observation strategy in which coarse identification of 335 methane hotspots by TROPOMI can guide fine-resolution satellites like GHGSat-D to identify 336 the specific facilities responsible for the hotspots and direct intervention accordingly.
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